flavocytochrome b 558 components p22 phox and gp91 phox and small G-protein Rap1. The regulatory core consisting of p47 phox , p67 phox and p40 phox subunits and the small G-protein Rac1 reside in the cytosol. Upon stimulation, the cytosolic components are translocated to the membrane for holoenzyme assembly and activation of the enzyme (7). It has also been suggested that functional activation of Rac1 (i.e., GTP-Rac) is vital for the NADPH holoenzyme assembly (9).
Several recent studies have demonstrated localization and functional activation of the phagocyte-like NADPH in clonal β-cells, normal rat islets and human islets under the duress of various stimuli including elevated levels of glucose, saturated fatty acids and proinflammatory cytokines (14) . It has also been documented that pharmacological inhibition of NADPH oxidase by diphenyleneiodonium chloride [DPI] or anti-sense oligonucleotides for p47 phox markedly attenuate glucose-induced ROS production and oxidative stress, suggesting critical involvement of NADPH oxidase in the metabolic dysfunction induced by long-term exposure to elevated glucose (14) (15) . These data implicated a significant contributory role for NADP oxidase in the onset of metabolic dysfunction of the β-cell under condition of oxidative stress (17, (19) (20) 26) . Despite the aforementioned compelling lines of evidence, very little has been studied with regards to the potential contributory roles of Rac1 in the cascade of events leading to cytokine-induced NADPH oxidase-mediated superoxide generation and mitochondrial dysfunction in pancreatic β-cells. Based on this reasoning, we undertook the current study to test the hypothesis that cytokines induce ROS generation and oxidative stress in pancreatic β-cells by promoting Rac1 activation, which represents one of the signaling events necessary for the functional regulation of the endogenous phagocytelike NADPH oxidase holoenzyme assembly and its catalytic activity. Herein, we describe the first evidence to suggest a critical modulatory role for Tiam1, a guanine nucleotide exchange factor [GEF] for Rac1 (30), in this signaling pathway leading to the onset of mitochondrial dysfunction. We also report that post-translational prenylation of Rac1 is also necessary for the optimal activation of NADPH oxidase elicited by cytomix in insulin-secreting cells.
Research design and methods

Materials
Interleukin-1β, IFN-γ and TNF-α were from R&D Systems (Minneapolis, MN). Rac1 activation assay kit was from Cytoskeleton Inc (Denver, CO). JC-1 mitochondrial membrane potential detection kit was from Cell technology Inc (Mountain View, CA). Caspase 3 antiserum was from Cell Signaling Technology Inc (Danvers, MA). p47 phox siRNA, p47 phox and p67 phox antisera were from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). NSC23766
and GGTI-2147 were from Calbiochem (San Diego, CA). Apocynin was form Sigma-Aldrich (St. Louis, MO).
Cell lines and culture conditions
INS 832/13 cells (kindly provided by Dr. Chris Newgard, Duke University Medical Center, Durham, NC) were cultured in RPMI 1640 medium containing 10 % heat-inactivated fetal bovine serum supplemented with 100 IU/mL penicillin and 100 IU/mL streptomycin, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, and 10 mM HEPES [pH 7.4]. The cultured cells were sub-cloned twice weekly following trypsinization and passages 53-61 were used for the study. For the inhibitor studies, INS 832/13 cells were cultured up to 70-80 % confluence in RPMI medium supplemented with 10 % heat-inactivated fetal bovine serum prior to inhibitor exposure. Cells were then incubated overnight with low serum-low glucose (LS-LG) media in the presence or absence of NSC23766 and GGTI-2147 at 20 µM and 10 μM, respectively.
Quantitation of cytokine-induced NO release
INS 832/13 cells were incubated with cytomix (IL-1β, IFN-γ, TNF-α; 10 ng/mL; each) or IL-1β
(25 ng/mL), for 12 and 24 h in the presence and absence of inhibitors as indicated in the text. At the end of incubation period, the medium was collected and centrifuged at 1000 g for 5 min. Equal volumes of media and Griess reagent were mixed and absorbance (540 nm) was measured using microplate reader (Molecular Devices, Sunnyvale, CA). 
Quantitation of reactive oxygen species
Rac1 activation assay
The relative degree of Rac1 activation (GTP-bound form) was determined using Rac1 pulldown assay as we described in (23). In brief, INS 832/13 cells were pretreated with either the diluent or pharmacological inhibitors followed by treatments with either diluent or Cytomix 
Statistical analyses
Data are presented as mean ± SEM. Statistical significance differences between values were evaluated by Student's t-test or ANOVA where appropriate. p < 0.05 was considered to be statistically significant.
Results
Cytomix induces NOX activation in INS 832/13 cells
At the outset, we quantitated NADPH oxidase activity in INS 832/13 cells exposed to cytomix However, this remains to be verified.
Our findings provide the first evidence to suggest that prenylation of Rac1 is necessary for cytokine-mediated activation of Rac1 and subsequently the NADPH oxidase.
We found that GGTI-2147, a selective inhibitor of protein geranyl geranylation, but not farnesylation, markedly attenuated Rac1 and NADPH oxidase activation mediated by cytokines. In this context, using molecular biological [e.g., dominant negative Rac1 mutant or siRNA-Rac1] and pharmacological [e.g., GGTI-2147 and 3-allyl or vinyl geranyl geraniols]
we have shown recently that geranyl geranylation of Rac1 is necessary for its optimal activation and membrane association in clonal β-cells and normal rats islets (28). It must be pointed out that the NADPH oxidase membrane core component is comprised of Rap1, which also undergoes geranylgeranylation like Rac1. Therefore, the inhibitory effects of GGTI-2147 on cytokine-induced NADPH oxidase may, in part, be due to inhibition of geranyl geranylation of Rac1 and Rap1. Our findings accrued from NSC23766 studies directly support the involvement for Taim1/Rac1 in this signaling cascade since Tiam1 serves as a GEF for Rac1, but not other small G-proteins. Taken together, based on the current data accrued from NSC23766 and GGTI-2147 studies, we propose that Tiam1-mediated and geranylgeranylation-sensitive activation of Rac1 is necessary for cytokine-mediated effects of NADPH oxidase and generation of oxidative stress in the islet β-cell. 
Perspectives and significance
A growing body of evidence supports the hypothesis that damaging effects of elevated proinflammatory factors on isolated β-cells involves increased oxidative stress leading to demise of the β-cell. This may, in part, be due to activation of phagocyte-like NADPH oxidase endogenous to the islet β-cell. Based on the extant data and our current findings it is reasonable to speculate that NADPH oxidase-derived oxidative stress exerts cytotoxic effects on the islet β-cell under the duress of noxious stimuli, including chronically elevated glucose, saturated fatty acids, ceramides and cytokines. From these studies it is becoming increasingly evident that Rac1 signaling axis plays a critical role in the functional regulation of NADPH oxidase. Further, it appears that inhibition of Tiam1-mediated activation [using NSC23766] or inhibition of post-translational geranylgeranylation of Rac1 [using GGTI-2147] restores some of these toxic effects. Unfortunately, however, these signaling steps/enzymes can not be used as drug targets since they have been shown to play key roles in the normal functioning of the islet β-cells, including glucose-stimulated insulin secretion. Therefore, additional studies are needed to develop novel tools/probes to prevent the constitutive/chronic activation of NADPH oxidase and generation of oxidative stress following exposure of the islet β-cell to aforestated stimuli and prevent the associated metabolic dysfunction, loss of β-cell mass and the onset of diabetes. 
